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The polarization switching kinetics were measured at the nanoscale in continuous thin films of a
ferroelectric copolymer of vinylidene fluoride and trifluoroethylene. The dependence of the
switching rate on voltage for a 54-nm thick film exhibits extrinsic nucleation and domain-growth
type kinetics with no true threshold coercive field, and is qualitatively different from the behavior
of an 18-nm thick film, which exhibits intrinsic switching kinetics, and a true threshold field. The
results are consistent with studies of thin film capacitors of much larger area and with a recent
C 2011 American Institute of
refinement of the theory of the critical size for intrinsic switching. V
Physics. [doi:10.1063/1.3646906]
Since the early studies of ferroelectric crystals, it has
been understood that polarization switching, reversal in an
opposing electric field, is generally a complex inhomogeneous
process involving domain nucleation and growth.1,2 This process can be understood in terms of the Kolmogorov-Avrami
picture of inhomogeneous phase transformation, where local
fluctuations initiate the conversion to a lower energy phase.3,4
In the case of ferroelectric polarization switching, the lower
and higher energy “phases” are the polarization states parallel
and antiparallel, respectively, to the external electric field.5
According to mean field theory,6 the polarization state of a
ferroelectric crystal can switch homogeneously, without forming domains, but it must be subject to an electric field large
enough to overcome the very large energy barrier associated
with the long-range correlation of the polarization.7 The
intrinsic coercive field is enormous, of order 108 V/m (Ref. 8)
to 109 V/m,9 so much larger than the observed coercive fields
as to render the intrinsic switching process practically inaccessible; intrinsic switching will be dominant. Because of this,
the opportunity to observe intrinsic switching processes comes
only in the case of crystals that are thinner than the size of a
critical nucleus, the minimum size necessary for domain
growth. Landaur estimated this thickness to be of order 1 lm
in the case of barium titanate,7 but experimental studies found
that inhomogeneous switching processes continue to dominate
in much thinner films.10 Gerra et al.11 have revised the calculation of critical size for barium titanate and find it to be
approximately 10 nm, indicating that homogeneous nucleation
should be observable only in ultrathin ferroelectric films.
Pertsev et al.12 measured coercive fields exceeding
9
10 V/m in lead zirconate titanate (PZT) films as thin as
8 nm. Although the measured coercive field was comparable
to the theoretical intrinsic value, the authors attributed the
large value to substantial enhancments from epitaxial strain
and from a conductive nonferroelectric layer10,13 and, therefore, did not conclude that their results confirmed the observation of intrinsic switching. We found that the coercive
field of a vinylidene fluoride-trifluoroethylene copolymer
a)
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reached the value of the intrinsic coercive field for films with
thickess of 15 nm or less, along with the suporting evidence
that the temperature dependence agreed very well with mean
field theory.14 Highland et al.15 have demonstrated in a
clever experiment that the critical thickness for domain
switching may be as small as 5 nm for epitaxial lead titanate
thin films. Instead of two metal electrodes, they used one
metal electrode and an electrochemical double-layer virtual
electrode. Although they could not precisely determine the
value of electric field in the ferroelectric, they found that the
films had no domains at the coercive voltage point, where
the net film polarization was zero, and, therefore, concluded
that the switching must be homogeneous.
Another distinctive feature of the switching mechanism is
the kinetics, the evolution of the polarization with time after
applying the switching field. Consider the switching rate C,
which is the reciprocal of the characteristic switching time.
For nucleation-limited switching, being an activated process,
the switching rate C has an exponential dependence on
temperature T and reciprocal electric field E, as follows:1
C ¼ Cn expðaðTÞ=EÞ;

(1)

where Cn is a constant and a(T) typically has a reciprocal
dependence on T. Notice that there is no threshold field, no
true coercive field in this case, because as the switching field
is reduced, switching just becomes slower. The effective coercive field obtained from polarization-electric field hysteresis loops, therefore, is really a function of the measurement
frequency. Homogeneous switching, on the other hand, has a
true threshold field, below which switching is impossible.
The rate of homogeneous intrinsic switching, which is also
obtained from mean field theory,9,16 has a true threshold coercive field EC and a critical dependence on electric field E,
as follows:17
C ¼ Ch ðTÞsqrtðE=EC  1Þ;

(2)

where Ch(T) decreases smoothly toward zero as the temperature increases toward the transition temperature. Notice that
switching is only possible at fields above the coercive field;
the switching rate is imaginary when E < EC. We found that
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the switching dynamics of the ferroelectric copolymer agree
well with Eq. (2) for films thinner than 18 nm and with
Eq. (1) for thicker films.17 Most remarkably, we found that,
in agreement with the factor Ch(T), the switching rate
decreases with increasing temperature in the thinner films,
which is the opposite of the nucleation-limited case, where
the switching rate increases as temperature increases. The
previous results were obtained with thin film capacitors having macroscopic sized electrodes of approximately 1 mm2,
much larger than the crystal size of approximately 30 nm to
50 nm.18 Here, we report a similar study of switching
kinetics at the nanoscale in films 18 nm and 54 nm thick, by
using an atomic force microscope (AFM) to probe the local
polarization state by means of the piezoelectric response.
The samples for the present study consisted of a crystalline silicon substrate, 50-nm thick aluminum electrodes, and
a ferroelectric copolymer thin film. The electrodes were deposited onto the substrate by vacuum evaporation. Then, the
random copolymer of 70% vinylidene fluoride and 30% trifluoroethylene was deposited to the desired thickness by horizontal Langmuir-Blodgett (LB) deposition, as described in
detail elsewhere.19 Briefly, in this method, a dilute solution
of the copolymer in dimethyl-sulfoxide (DMSO) was dispersed onto the surface of a trough of ultrapure water at
room temperature. Barriers contacting the water surface
slowly compressed the copolymer Langmuir layer to a surface pressure of 4 mN/m2. The films were then deposited on
the substrate layer-by-layer to the desired thickness, 30
layers for sample 1 and 10 layers for sample 2. The samples
were annealed in the paraelectric phase to improve their
crystallinity20 and had a nominal thicknesses of 54 6 5 nm
for sample 1 and 18 6 2 nm for sample 2.21
Measurements were carried out with a scanning probe
microscope (model SOLVER P47 from NT-MDT, Moscow)
operating in contact mode for imaging both topography by
AFM and relative polarization and by piezoresponse force
microscopy (PFM). The sharp tips of soft silicon cantilevers
(model CSC21 from MicroMash, Estonia), which were
coated with a Ti-Pt conductive layer, had an estimated radius
of 40 nm and an estimated imaging resolution of 60 nm. The
film topography (Fig. 1(a)) was imaged in tapping mode
with a resonance frequency of 150 kHz and the piezoresponse in contact mode by applying an excitation voltage
of amplitude 1.0 V and frequency 150 kHz to the tip, and
recording the amplitude and phase of the resulting tip deflection signal from the cantilever position detector with a lock-

FIG. 1. (Color online) Images of Sample 1 (30 ML film) by (a) AFM topography; and (b) PFM amplitude times sine (PFM phase). The black area was
polarized with a 10 V tip bias while scanning 3 lm by 3 lm square, taking
15 min to complete the scan. The bright central spot was then polarized with
the tip stationary at a bias of þ10 V for 10 min.

Appl. Phys. Lett. 99, 142904 (2011)

in amplifier. The piezoresponse image (Fig. 1(b)) consists of
an x-y map of the composite PFM signal, which is equal to
the PFM amplitude times the sine of the PFM phase. The
measurements were carried out in air in a class 10 000 clean
room maintained at temperature 26 6 0.05  C and relative
humidity 40% 6 1%. The sample temperature was held at
27  C for all reported measurements.
The hysteresis loops (Fig. 2) were recorded at a fixed
location on the film by a pulse-measure method, which consisted of applying a sequence of 1 s voltage pulses of varying
amplitude and measuring the piezoresponse at zero voltage.
The sequence of pulse amplitudes started at 10 V, increasing by 0.05 V steps to þ10 V, then back to 10 V. The coercive voltage, which was obtained by measuring the half
width of the hysteresis loop, was 6.1 6 0.1 V for sample 1
and 4.2 6 0.1 V for sample 2. Assuming that the threshold
switching field is the field directly underneath the tip, the
corresponding coercive fields were 110 6 13 MV/m for sample 1 and 230 6 26 MV/m for sample 2. These values are
smaller that the value of 500 MV/m obtained for continuous
LB films, and larger than the value of 50 MV/m typically
reported for films made by solvent spinning22 and also
obtained from mean field theory by Iwata and Ishibashi.8
The switching kinetics were measured at a fixed point
on the film by a prepare-pulse-measure method as follows.
Each measurement was prepared by applying 10 V to the
tip for 100 s to saturate the film in the negative polarization
state (lower left of Fig. 2). Then, a positive pulse of given
voltage and duration to set a polarization state. Finally, the
piezoresponse for the polarization state was measured at zero
bias. The switching time t for a given pulse amplitude was
defined as the value of the pulse duration for which the
resulting piezoresponse crossed zero, and the switching rate
was calculated from C ¼ 1/t.
The distinction between the intrinsic and extrinsic
behaviors is well illustrated Fig. 3, which shows the dependence of the switching rate on the bias voltage for the two
samples. For sample 1 (30 ML), the dependence of the
switching rate on voltage agrees best with the extrinsic
switching kinetics (Eq. (1)), as indicated by the dashed line.
For sample 2 (10 ML), the switching rate data agree with the
intrinsic switching kinetics. Notice that the switching rate for
Sample 2 drops abruptly toward zero at the coercive voltage,

FIG. 2. (Color online) Hysteresis loops from P(VDF-TrFE) LB films measured with the pulse-probe technique, The data are from Sample 1 (30 ML,
tall loop) and Sample 2 (10 ML, wide loop).
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chain folding during the annealing process used to induce
self-assembly,30 promotes surface nucleation even below the
critical thickness. Imaging of domain patterns within the
nanomesas by PFM support this hypothesis.31
In conclusion, nanoscale studies of ultrathin ferroelectric
copolymer films reveal a critical thickness of approximately
18 nm at which the nature of polarization switching changes
from extrinsic, for thicker films, to intrinsic, for thinner
films. These results are consistent with prior studies that find
a critical thickness of 15 nm to 18 nm and with theoretical
predictions of the size of the critical nucleus.

FIG. 3. (Color online) The voltage dependence of the switching rate C
(V) ¼ 1/t(V) for P(VDF-TrFE) LB films as measured by the prepare-pulseprobe technique. For sample 1 (30 ML, black circles), the direction of
switching was toward positive tip voltage. The black dashed line shows the
fit of Eq. (1) to the data from Sample 1. For Sample 2 (10 ML, blue triangles), the direction of switching was toward positive tip voltage for up triangles and to negative voltage for down triangles. The black dashed line shows
the fit of Eq. (2) to the data from Sample 2.

in excellent qualitative confirmation of the critical behavior
inherent in intrinsic switching, as described by Eq. (2). For
Sample 1, on the other hand, the switching rate shows only
the gradual decline as the voltage decreases, showing no true
coercive voltage and consistent with extrinsic switching, as
describe by Eq. (1).
The results reported here, which were obtained with a
continuous LB film by local voltage application using an
AFM tip, are consistent with our previous results, which were
obtained with flat aluminum electrodes on continuous LB
films.14,17 In all three studies, the qualitative nature of switching changed from extrinsic to intrinsic at a critical thickness
in the range 15 nm to 18 nm, which is in reasonable agreement
with the predictions of Gerra et al.11 Other studies of the coercive field or of kinetics of ferroelectric copolymers mostly
involved films much thicker than the critical thickness and
were consistent with extrinsic switching mechanisms.23–25
For example, the latter two studies24,25 argue that the electrode material determines the nature of switching, but the
present results, as well as our prior studies14,17 show that both
intrinsic and extrinsic nature can be found with the same electrode configuration and film fabrication technique, by changing only the film thickness. One study of switching kinetics in
ferroelectric copolymer films made by Langmuir-Blodgett
deposition found the high coercive fields, up to 109 V/m,
expected for intrinsic switching, but with kinetics better
matching extrinsic switching (Eq. (1)).26
Other studies have shown that thickness is not the only
criterion—nanoscale morphology also plays a role in determining the nature of switching in ferroelectric copolymer
thin films. For example, nanomesas, which are formed by
self-assembly from the LB films of ferroelectric copolymer,
are approximately 10 nm thick and 100 nm in diameter.27
Capacitors made from large arrays of nanomesas exhibit extrinsic switching, with low coercive field and no exponential
field dependence (Eq. (1)).28 Nanoscale studies of individual
nanomesas, using the same AFM-based techniques as in the
present work, also reveal extrinsic switching behavior.29 It is
possible that the shape and size of the nanomesa, or perhaps
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